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Quantum anomalous Hall effect (QAHE) has been experimentally realized in magnetically-doped
topological insulators or intrinsic magnetic topological insulator MnBi2Te4 by applying an external
magnetic field. However, either the low observation temperature or the unexpected external mag-
netic field (tuning all MnBi2Te4 layers to be ferromagnetic) still hinders further application of QAHE.
Here, we theoretically demonstrate that proper stacking of MnBi2Te4 and Sb2Te3 layers is able to
produce intrinsically ferromagnetic van der Waals heterostructures to realize the high-temperature
QAHE. We find that interlayer ferromagnetic transition can happen at TC = 42 K when a five-
quintuple-layer Sb2Te3 topological insulator is inserted into two septuple-layer MnBi2Te4 with in-
terlayer antiferromagnetic coupling. Band structure and topological property calculations show that
MnBi2Te4/Sb2Te3/MnBi2Te4 heterostructure exhibits a topologically nontrivial band gap around
26 meV, that hosts a QAHE with a Chern number of C = 1. In addition, our proposed materials
system should be considered as an ideal platform to explore high-temperature QAHE due to the
fact of natural charge-compensation, originating from the intrinsic n-type defects in MnBi2Te4 and
p-type defects in Sb2Te3.
Introduction—. As a typical topological state, quan-
tum anomalous Hall effect (QAHE) has been firstly ob-
served in magnetic-element doped topological insulator
(TI) thin films [1–5]. Due to its robustness against lo-
cal perturbations, the corresponding chirally propagat-
ing edge mode has immense potential in future low-
power or dissipationless electronic device applications [6–
8]. QAHE was initially predicated in a honeycomb lat-
tice toy model by F. M. Haldane in 1988 [9]. After then,
much effort has been made to exploring new systems for
realizing the QAHE in these related systems [10–21]. Be-
cause of the inherently strong spin-orbit coupling in Z2
topological insulators [22, 23], it was predicted that fer-
romagnetic TI thin films can give rise to QAHE. One
convenient approach to induce magnetism in TIs is to
dope magnetic elements [13, 24–29]. This has indeed
led to the first experimental observation of QAHE [1].
So far, all the experimentally observed QAHEs in doped
TIs were achieved at extremely low temperatures, typi-
cally ∼30 mK, making drastically increasing the QAHE
observation temperature a daunting challenge both fun-
damentally and for potential applications.
Aside from the magnetic-element doped TIs, sand-
wiched TI heterostructures between two ferromagnetic
insulator (FMI) layers were considered as another prac-
tical platform, because of the more “clean” ferromag-
netism with higher Curie temperature than that in the
magnetic-element doped TIs [30, 31]. Unfortunately, due
to the poor interfaces, the observed anomalous Hall re-
sistance cannot reach the quantized value, though sev-
eral FMI/TI heterostructures have been successfully fab-
ricated in experiments [32–38]. Considering the better
control of interfaces, van der Waals (vdW) layered mag-
netic materials exhibit great advantage in designing high-
quality FMI/TI heterostructures.
Recently, MnBi2Te4 (vdW compounds) was success-
fully synthesized and confirmed as an intrinsic magnetic
TI in experiments [39, 40]. It possesses layered struc-
ture with a triangle lattice, as displayed in Fig. 1(a) and
1(b). So far, rich topological states were proposed in
MnBi2Te4 due to its characteristics of intralayer ferro-
magnetic and interlayer antiferromagnetic exchange in-
teractions [39, 40]. In particular, QAHE in MnBi2Te4
system has been observed at 4.5 K by applying an ex-
ternal magnetic field to convert the initial antiferromag-
netism between layers to be ferromagnetism [41]. This
is an undoubtedly obvious enhancement of QAHE ob-
servation temperature. To realize QAHE without ap-
plying any external field in MnBi2Te4 systems, inter-
layer antiferromagnetic coupling is a big obstacle. It
is known that single layer MnBi2Te4 is a trivial FMI.
Thus, one can construct the vdW MnBi2Te4/TI het-
erostructures with atomically perfect interface and intrin-
sic magnetism. We noted that MnBi2Te4/Bi2Te3 (not
a TI) heterostructures have been successfully fabricated
in experiment [42]. Although similar MnBi2Te4/Bi2Te3
heterostructure was theoretically predicted to be good
candidate for realizing QAHE [43], the naturally exist-
ing n-type defects in both MnBi2Te4 and Bi2Te3 make
their heterostructures metallic. On the contrary, con-
sidering the intrinsic p-type defects in Sb2Te3 (a 3D
TI), MnBi2Te4/Sb2Te3 heterostructure should be charge
compensated, which resolves the obstacle for realizing
QAHE in MnBi2Te4 system.
2FIG. 1. (a) Side view and (b) top view of crystal structures
of ABC-ABC stacking heterostructure constructed by 1SL
MnBi2Te4 and 5QL Sb2Te3; (c) The corresponding top view
and (d) side view of crystal structure of ABC-ACB stacking
case. Arrows (P) indicate the direction of spontaneous elec-
tric polarization. Red-solid frames in panels (a) and (d) label
different stacking of 1SL MnBi2Te4 and 5QL Sb2Te3. (e)
Schematics of six different heterostructures with MBT and
ST representing MnBi2Te4 and Sb2Te3, respectively.
In this Letter, we theoretically show that high-
temperature QAHE can be realized in MnBi2Te4/Sb2Te3
heterostructure without additional magnetic field. We
first demonstrate that an interlayer ferromagnetic tran-
sition can occur at TC = 42 K when a five quintuple-
layer (QL) Sb2Te3 is inserted between two septuple-layer
(SL) MnBi2Te4 with interlayer antiferromagnetic cou-
pling. Further calculation indicates that the sandwiched
heterostructure is an intrinsic QAHE with a bulk gap of
26 meV and a nonzero Chern number of C = 1. Our
study not only reveals the possibility of producing ferro-
magnetic MnBi2Te4 to remove the unexpected external
magnetic field in observing QAHE, but also provides an
experiment-friendly sandwiched system to realize high-
temperature QAHE.
Methods and Systems—. Our first-principles calcula-
tions were performed by using the projected augmented-
wave method [44] as implemented in the Vienna Ab-initio
Simulation Package (VASP) [45]. The generalized gra-
dient approximation (GGA) of Perdew-Burke-Ernzerhof
(PBE) type was used to treat the exchange-correlation
interaction [46]. A 1 × 1 MnBi2Te4/Sb2Te3 supercell
is chosen in our study. For thin film calculations, the
Sb2Te3 film thickness was chosen to be 5QL. A vacuum
buffer space of 20 A˚was used to prevent the coupling
between adjacent slabs. The kinetic energy cutoff was
set to be 350 eV. During structural relaxation, all atoms
were allowed to relax until the Hellmann-Feynman force
on each atom is smaller than 0.01eV/A˚. The Brillouin-
zone integration was carried out by using 9 × 9 × 1
Monkhorst-Pack grids for different heterostructure sys-
tems. Unless mentioned otherwise, spin-orbit coupling
and the GGA+U method were used with the on-site re-
pulsion parameter U=3.00 and 5.34 eV [47] and the ex-
change parameter J=0 eV, where U is for the more local-
ized 3d orbitals of Mn atoms in all calculations. Differ-
ent U values provide similar results in our calculations.
In addition, the vdW interactions were considered in
our numerical calculations [48]. The Curie temperature
TC was estimated within the mean-field approximation
kBTC = 2/3Jx [49],where kB is the Boltzmann constant,
x is the dopant concentration, and J is the exchange
parameter obtained from the total energy difference be-
tween ferromagnetic (FM) and antiferromagnetic (AFM)
configurations in different heterostructures.
MnBi2Te4 is composed of SL blocks stacked one by one
along the [0001] direction via vdW interaction [39, 40]
[see Fig. 1(a)]. The resulting magnetic order appears
to be interlayer antiferromagnetic, where the ferromag-
netic Mn layers of neighboring blocks are coupled in an
antiparallel manner [39, 40]. Among various 3D TIs,
Bi2Te3 should be the most optimal candidate to con-
struct MnBi2Te4/TI heterostructures due to the small
lattice mismatch (1.3%). However, as observed in re-
lated experiments, MnBi2Te4 and Bi2Te3 are respectively
electron conducting due to their intrinsic n-type defects.
Thus, their heterostructures are metallic (i.e., the Fermi
level is out of the band gap). Considering the intrinsic p-
type conducting character of Sb2Te3 (lattice mismatch is
about 2.3%), the MnBi2Te4/Sb2Te3 heterostructure can
be tuned to be charge compensated, which is an impor-
tant prerequisite condition for realizing QAHE. There-
fore, in our work, we focused on different heterostructures
[See Fig. 1(e)] constructed by MnBi2Te4 and Sb2Te3.
Structural Stability—. Let us first study the structural
stability of heterostructures. It is noted that the stack-
ing of MnBi2Te4 and Sb2Te3 is different from the simi-
lar system MnBi2Te4/Bi2Te3 [43], where the ABC-ABC
stacking is most favorable. Two different stacking het-
erostructures of MnBi2Te4 and Sb2Te3 are provided. One
is in the ABC-ABC stacking [Fig. 1(a)], and the other is
in the ABC-ACB stacking [Fig. 1(d)]. Their top views
are respectively displayed in Figs. 1(b) and 1(c). Our
numerical calculations show that the ABC-ACB stack-
ing is more preferred based on the calculated result that
the total energy of ABC-ACB stacking structure is -
30.8 meV/unit cell lower than that of ABC-ABC stack-
ing structure. The underlying reason is closely related
to the dipole-dipole interaction between MnBi2Te4 and
Sb2Te3. As highlighted in Figs. 1(a)and 1(d), the dipole-
moment directions of MnBi2Te4 and Sb2Te3 are opposite
in the ABC-ABC stacking case, while they are the same
3TABLE I. Total magnetic moments, magnetic order, energy difference between FM and AFM configurations ∆EFM−AFM, and
Curie temperature TC in 2SLs MnBi2Te4 and different MnBi2Te4 and Sb2Te3 heterostructures.
Systems Moments/µB Magnetic Order ∆E/meV TC/K
2SLs MBT 0.0 AFM 9.3 −
MBT/ST 5.0 FM − 14
MBT/ST/MBT 10.0 FM −27.9 42
ST/MBT/ST 5.0 FM − 14
MBT/ST/MBT/ST 0.0 AFM 0.3 −
MBT/ST/MBT/ST/MBT 5.0 AFM 2.4 −
ST/MBT/ST/MBT/ST 0.0 AFM 11.4 −
in the ABC-ACB stacking one. All these indicate that
the dipole-dipole interactions are respectively repulsive
and attractive in ABC-ABC and ABC-ACB stacking.
This finding can also be reflected by the larger interfa-
cial distance in the ABC-ABC stacking than that in the
ABC-ACB stacking [see Figs. 1(a) and 1(d)]. According
to these finding, hereinbelow, we adopted the ABC-ACB
stacking system to further investigate the magnetic prop-
erties, band structures, and topological properties.
Magnetic Properties—. As displayed in Tab. I, we
first confirm the magnetic properties of 2SLs MnBi2Te4.
From our calculations, the 2SLs film indeed exhibits in-
terlayer antiferromagnetism (i.e., 9.3 meV lower than
that in ferromagnetic order). The local magnetic moment
in 1SL is 5µB, agreeing with previous report [40], even
if it is inserted into different heterostructures. Among
all six studied heterostructures, only three of them are
in the ferromagnetic ordering state. Especially for the
MBT/ST/MBT sandwiched system, we found that a fer-
romagnetic phase transition occurs when a 5QL Sb2Te3
is inserted between two 2SL MnBi2Te4 thin films with in-
terlayer antiferromagnetic coupling. This finding agrees
well with a recent experimental result [42], i.e., the in-
terlayer antiferromagnetic exchange interaction can be
gradually weakened with increasing the separation be-
tween ferromagnetic layers in the MnBi2Te4/Bi2Te3 het-
erostructure and a ferromagnetic state could be estab-
lished below 5K [42]. The total energy difference between
FM and AFM states is -27.9 meV in the MBT/ST/MBT
system and the estimated Curie temperature TC is
around 42K. The other favorable FM state can also
be obtained in MBT/ST, ST/MBT/ST, and odd-SL
MBT/ST/MBT/ST/MBT systems, which are highly de-
sirable candidates for realizing high-temperature QAHE.
Band Structures and QAHE—. To confirm that such
systems can indeed realize QAHE, band structures of
these heterostructures are necessary. First, we pre-
sented that bulk band gaps can be opened up around
the Dirac point Γ, which in principle guarantees the in-
sulating state [23]. Figure 2 displays the band struc-
tures along high-symmetry lines for four different het-
erostructures. One can see that for MBT/ST system
the opened band gap is only 3 meV [see panel (a)];
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FIG. 2. Band structures of four different ferromagnetic
heterostructures along high-symmetry lines. (a)-(d) are re-
spectively for MBT/ST, MBT/ST/MBT, ST/MBT/ST, and
MBT/ST/MBT/ST/MBT. (a1)-(d1) are the corresponding
Zooming-out near Fermi level. The dashed line denotes the
Fermi level.
while for MBT/ST/MBT [see panel (b)] and odd-SL
MBT/ST/MBT/ST/MBT [see panel (c)] systems, the
same sizeable band gaps of 26 meV are opened; and for
ST/MBT/ST [see panel (d)], no band gap opens but a
Dirac point is formed, indicating a semimetal phase.
We now verify that the opened band gap in
MBT/ST/MBT system hosts a topologically nontrivial
insulator, i.e., QAHE, by calculating the Chern number,
which can be obtained by integrating the Berry curva-
ture of the occupied valence bands [50, 51]. Figure 3(a)
displays the Berry curvature distribution along the high
symmetry lines, where a large negative peak appears near
the Γ point and zero elsewhere. As a consequence, the
total integration or the Hall conductance with the Fermi
level lying inside the band gap must be nonzero. The
nonzero Berry curvature means that the electrons flow in
the curl field and contribute to the quantized Hall con-
ductivity. Figure 3(b) displays the Hall conductance σxy
as a function of the energy. One can clearly see that
σxy = +e
2/h in the energy interval near Fermi level.
Hence, the nontrivial band gap for MBT/ST/MBT is 26
4FIG. 3. Band structures along high-symmetry lines (a) and
near the Γ point (b) of MBT/ST/MBT heterostructure. The
corresponding Berry curvatures are indicated in the (a). (c)
Hall conductivity as a function of energy. (d) Band structures
of semi-infinite systems including the chiral edge state.
meV, which is beneficial for realizing high-temperature
QAHE. The chiral edge states are also provided by us-
ing the surface Green function method as implemented in
the WannierTools [52]. For MBT/ST/MBT system, one
edge state [see Fig. 3(c)] emerges inside the band gap,
connecting the valence and conduction bands, and cor-
responding to the Chern number of C = 1. How about
the QAHE observation temperature in MBT/ST/MBT
system? Based on the previously obtained Curie tem-
perature of TC = 42K and the gap size of 26 meV, one
can conclude that the QAHE observation temperature
can reach up to 42 K.
Summary—. In conclusion, our findings report that
a natural magnetic van der Waals heterostructures com-
posed of MnBi2Te4 and Sb2Te3 can be constructed to
realize high-temperature QAHE. We provide proof-of-
principle numerical demonstration that: (1) an interlayer
ferromagnetic phase transition can occur at TC=42K
when a 5QL Sb2Te3 is inserted into two SL MnBi2Te4
with interlayer antiferromagnetic coupling; (2) Band
structures and topological property calculations verify
that MnBi2Te4/Sb2Te3/MnBi2Te4 heterostructure sys-
tem is an intrinsic QAHE with a surface gap 26 meV
and the corresponding Chern number is C = 1. In ad-
dition, considering the charge compensation fact due to
intrinsic n-type defects in MnBi2Te4 and p-type defects
in Sb2Te3 in experiments, MnBi2Te4/Sb2Te3/MnBi2Te4
system should be an very appropriate candidate for ex-
ploring high-temperature QAHE.
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